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ABSTRACT
MODIFICATION OF CLAYS WITH IONIC LIQUIDS
FOR POLYMER NANOCOMPOSITES
by
Neung Hyun Kim

In attempts to prepare nanofillers with enhanced compatibility with a polymer matrix,
cationic and anionic clays susceptible to exchange of their interlamellar ions with a
variety of other cations or anions, were selected.
In order to treat cationic clay, montmorillonite, which contains sodium ions as
interlayer ions, reagents having cations differing in size and structure included three
ionic liquids ([EMIM] + [BI] - , [HXMIM] + [Clf, and [Epty] [BF4] - ). Results indicated that
cationic exchange did occur from aqueous solution as confirmed by FTIR, EDX, WAXS,
TGA, and elemental analysis. WAXS indicated a significant increase of interlamellar
spacing as a result of intercalation, depending on the cation size. In addition, TGA
demonstrated that thermal decomposition of the modified montmorillonites was
dependent on the thermal stability of the ionic liquids intercalated.
In anionic exchange with layered double hydroxide clays, a synthetic
hydrotalcite susceptible to exchange of its interlamellar carbonate ions with a variety of
other anions, was selected. Reagents having anions differing in size and structure
included two colorless ionic liquids ([Epty] + [BF 4 I and [Epty]+[CF3COO]- ) and a pH
color indicator, bromothymol blue. Results indicated no exchange with the ionic liquids
from aqueous solution as confirmed by FTIR, EDX, WAXS, elemental analysis and
TGA. However, anion exchange did occur with calcined hydrotalcite (after removal of

carbonate ions and water), which was "reconstituted" in the presence of aqueous
solutions of the same ionic liquids. Ion exchange also took place with the much larger
anion of bromothymol blue resulting in a colored clay. WAXS indicated a significant
increase of interlamellar spacing as a result of intercalation, depending on the anion size.
All montmorillonites modified with ILs, which were tested in the preparation of
polypropylene nanocomposites, showed very small intercalation of polymer chains as
confirmed by WXRD, although much higher in all cases than the pristine mineral. They
also showed limited dispersion in the polymer matrix by comparison with commercial
organoclays.
Future work with different ionic liquids and/or polymer matrices of different
polarity is recommended for improved intercalation and dispersion.
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CHAPTER 1
INTRODUCTION

1.1 Objectives
The objectives were to modify cationic and anionic clays through ion exchange with
ionic liquids having different chemical structures. In addition to anionic hydrotalcite,
calcined hydrotalcite was used for ion exchange, not only with ionic liquids, but also with
a bulkier colored molecule, namely bromothymol blue. An additional objective was to
compare the montmorillonite clays, which were modified with ionic liquids, with
commercially available modified clays used among other applications for polymer
reinforcement.
Clays modified with organic modifiers (ionic liquids and bromothymol blue) are
characterized by Fourier Transform Infrared Spectrophotometry (FTIR), Thermogravimetric Analysis (TGA), Scanning Electron Microscopy (SEM), Energy Dispersive
X-ray (EDX), Elemental Analysis, and Wide Angle X—ray Diffraction (WXRD) to
compare with unmodified clays and commercially available organoclays modified with
quaternary ammonium salts.
A specific goal in producing modified fillers was to evaluate their degree of
intercalation and extent of dispersion in polypropylene (PP) composites produced by melt
processing.
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2
1.2 NandiHers
Fillers are materials which are added to polymers in small amounts and dispersed in a
polymer matrix to enhance its properties.
The term "filler" has a broad meaning and implies a wide range of materials
(Xanthos, 2005). The materials used as particulate fillers include wood flour (finely
powdered sawdust), silica flour and sand, clay, limestone, carbon nanotubes, fullerenes,
and even some synthetic polymers (Callister, 2005). The fillers had been usually
considered as only additives due to their unfavorable geometrical features, surface area or
surface chemical composition. Fillers could moderately increase the modulus of the
polymer, while the strength remained unchanged or even decreased. They were only used
to contribute to lowering the cost of materials by replacing the expensive polymer
(Xanthos, 2005).
The fillers, usually known as "reinforcing fillers", which have recently received
attention, are suitably modified with the objective of improving the properties of
conventional polymers when dispersed in the matrix. This improvement is possible to
associate with enhanced interaction of the components at the particle/matrix interface
related to a useful effective parameter known as aspect ratio. The aspect ratio is defined
as the ratio of diameter to thickness for a platelet, or ratio of length to diameter for a fiber.
Fillers are classified as either inorganic (e.g. oxides, hydroxides, silicates, and
metals) or organic (e.g. carbon, graphite, natural and synthetic polymers) and subdivided
based on their chemical family. The fillers are also classified based on their shape and
size or aspect ratio as described in Table 1.1. The fillers may also be considered as
continuous (long fibers or ribbons) or discontinuous (short fibers, flakes or particulates).
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In their specific function to modify the polymer properties, fillers could be represented by
major classifications (e.g. mechanical property modifiers, flame retardants, modifiers of
electrical and magnetic properties, surface property modifiers, or processing aids).
However, it has been demonstrated that fillers may be multi-functional with primary and
secondary functions (Xanthos, 2005).

Table 1.1 Particle Morphology of Fillers (Xanthos, 2005).
Shape

Aspect ratio

cube

1

feldspar, calcite

sphere

1

glass spheres

Block

1- 4

quartz, calcite,silica,barite

plate

4 — 30

kaolin, talc, hydrous alumina

flake

50 — 200 ++

mica, graphite, montmorillonite nanoclays

fiber

20 — 200++

wollastonite, glass fiber, carbon nanotubes,
wood fibers, asbestos fibers, carbon fibers

Examples

Clays with a high aspect ratio are considered in this study. These clays, which
are natural or synthetic solid particles, have attracted recently tremendous interest. Clays
are, in general, abundant minerals that are found in nature with significant potential in a
wide range of industrial and personal applications such as art, agriculture, construction,
cosmetics, engineering and environmental applications (Douillard, 2004).
Clay minerals contain two types of sheets, tetrahedral (T) and octahedral (0).
Each tetrahedral sheet consists of four oxygen atoms surrounding a silicon atom with
tetrahedral coordinates linked to one another by covalent bonding. The aluminum or
magnesium cation is coordinated with six oxygen atoms or hydroxyls by covalent links in
the octahedral sheet. The two sheets are also linked together through the oxygen in a
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hexagonal network of tetrahedral sheets (Carrado, 2004; Choi and Park, 2004)
Traditionally, clays are mainly classified according to their structure and layer
type, e.g. 1:1 (T:0, kaoline-serpentine group) and 2:1 (T:O:T, pyrophyllite-talc, smectite,
vermiculite, illite, or mica). They are also divided into several subgroups based on their
electrical charge, ideal chemical structure, or chemical composition (Carrado, 2004).
Some clays can be roughly divided into two classes depending on their ion exchange
properties: cationic and anionic.
Cationic clays, with a cation exchange capacity, comprise many aluminum
silicate clays such as montmorillonite, vermiculite, smectite, and swelling mica. These
clays are widespread in nature, but are difficult to synthesize. The other class of clays,
with an anion exchange capacity, is represented by layered double hydroxides and can be
easily and inexpensively synthesized (Choy and Park, 2004). Clays can produce
nanoplatelets with a thickness of the sheet on the order of 1 nm by exfoliation in a
polymer matrix. The final properties of the composites are affected by the characteristics
of the clay including purity, particle size, dispersion (exfoliation), orientation and its
inherent properties.

1.2.1 Montmorillonite
Montmorillonite (MMT) is the most commonly available natural hydrated aluminum
layered silicate in the smectite group of clays, which have a 2:1 ratio layer type.
MMT consists of thin platelets of less than 1 nm in thickness. Each aluminum
octahedral layer is linked together by oxygen and is sandwiched between silicon
tetrahedral layers. Figure 1.1 shows the edge view of the structure of MMT. These layers
are linked together by Van der Waals forces of attraction and are formed as stacks of
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plates. Each platelet has a large surface area and a high aspect ratio of over 200. This
leads to low loading levels in composites that do not exceed 5-6% by weight.

Figure 1.1 Structure of Montmorillonite (DeGaspari, 2001).

The gap between the platelets is called an `interlayer' or 'gallery'. The distance
of a gap is referred to as 'gallery spacing', 'd-spacing', or 'basal spacing', and is
dependent on the size of the species intercalated in the gallery. The isomorphic
substitution of atoms by lower valence cations (Mg 2+ or Fe 2+ for Al 3+ in the octahedral
sheet and Al 3+ for Si 4+ in the tetrahedral sheet) leads to an imbalance of charge with an
excess of negative charge delocalized over the surface layer (Choy and Park, 2001). In
natural clays, the platelets are bonded together by hydrated counter cations (Na, Li t , or
Ca2± ) in the interlayer space to compensate for the net negative charge of the platelets.
The amount of counter cations characterizes the clay type, and is defined as the
cation exchange capacity (CEC). The CEC represents the isomorphous substitution in the
clay layers if all compensating cations are accessible for exchange (Carrado, 2004). The
value of CEC for the MMT is dependent on the origin of the mineral. It is determined
experimentally by different analytical methods, most of which are based on the principle
of replacement of the original resident exchange ions in an aqueous clay suspension (Moronta, 2004). However, no general methods can be reliably employed for all clays.
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Natural unmodified MMTs are used as nanofillers in a hydrophilic polymer
matrix such as polyethylene oxide or polyvinyl alcohol. However, natural MMTs are not
suitable for use in most organophilic polymers as a result of their hydrophilic properties
and narrow interlayer distance.
The exchangeable inorganic cations can be replaced with organic polar
molecules or cationic surfactants such as quaternary alkyl ammonium ions by ion
exchange. This exchange results not only in increase of the gallery spacing, but also alters
the surface properties from hydrophilic to organophilic. The modified MMTs
(organoclays) through ion exchange do not attract water molecules because of the
substantial amount of organic carbon associated with their surface and interlayers
(Moronta, 2004).
Therefore, this surface treatment of MMT improves its compatibility with the
polymer by enhancing interfacial interactions. Additionally, the modification of MMTs
with organic modifiers provides an easier separation of the clay platelets and leads to a
higher degree of dispersion (exfoliation) in a polymer matrix.

1.2.2 Hydrotalcite
The layered double hydroxides (LDHs) known as hydrotalcite-like materials or as anionic
clays are a large group of natural or synthetic materials produced with a suitable mixture
of metal salts.
Hydrotalcites (HT) are a class of anionic clays with a white color and pearl-like
luster. They consist of hydroxides, common metals and exchangeable anions. The
structure of HTs are described by the general chemical formula,
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where,

M is a metal cation and A is the exchangeable anion

(Braterman et al., 2004; Costa et al., 2005).
The replacement of divalent inorganic cations (Mg 2+ or Zn 2± ) by trivalent inorganic cations such as Al 3+ results in an excess of positive charge in the octahedral
hydroxide layer. The exchangeable interlamellar anion compensates this excess positive
charge of the crystal. The amount of exchangeable anion is defined as the anion exchange
capacity (ACE) and determines the interlayer distance.
The Kyowa Chemical Company in Japan succeeded in the industrial synthesis
of carbonated hydrotalcite in 1966. Hydrotalcite can be made synthetically to have
different compositions by replacing the carbonate anions with other anions such as
chloride or nitrate. The basicity of the synthetic hydrotalcite can be adjusted by
increasing the Mg/Al ratio or incorporating other ions than the hydroxyl ion. The threedimensional double-layered structure of a hydrotalcite, consisting of magnesium and
aluminum hydroxide octahedra and carbonate ions with water molecules, is shown in
Figure 1.2 (Patel, 2005).

Figure 1.2 Molecular Structure of Synthetic Hydrotalcite (Kyowa Chemical

Company, Japan) (Patel, 2005).
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1.3 Composites
Conventional polymers, which showed explosive usage and development after World
War II, have met restrictions in many modern applications because of their lower
modulus and strength in comparison to metals and ceramics. In order to improve their
mechanical properties due to the increasing demand for stiff and strong materials,
polymers are reinforced with inclusions known as fillers (Xanthos, 2005).
In this context, a composite refers to any multiphase, multi-component material
that exhibits a significant proportion of the properties of the constituent phases such that a
better combination of properties is realized. According to this principle, the better
properties of a composite are obtained by the suitable combination of two or more
distinct materials. The multiphase materials in the present context are artificially made, as
opposed to ones that occur or form naturally (Callister, 2005).
This addition of fillers into the polymer matrix to make composites was
expected to result in material properties not achieved by either phase alone, and often at a
lower cost. This practice improved polymer properties while maintaining their light
weight and ductile nature. Hence, the addition of fillers to polymers has gained a lot of
importance over the years.

1.3.1 Polymer Clay Nanocomposites
Three main types of composite structures can be obtained when a layered silicate is
dispersed in a polymer matrix (Beyer, 2002; Geo, 2004; Qutubuddin et al., 2002).
The conventional composites contain dispersed and aggregated clay tactoids in
an unintercalated form as shown in Figure 1.3 (a). The clay tactoids are dispersed as a
segregated and separated phase from the polymer matrix. This improves the stiffness, but
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results in poor mechanical properties such as strength, elongation (Qutubuddin et al.,
2002; Alexandre et al., 2000). This type of composite is generally referred to as "microcomposite".
The term "nanocomposites", applies to two types of structures different than
those of conventional composites as shown in Figure 1.3 (b) and (c).
The first type is referred to as an intercalated polymer clay nanocomposite, in
which clays are dispersed in regular fashion in a polymer matrix. One or more polymeric
chains are intercalated into the interlayers of the host clay. This intercalation results in
well-ordered multilayers with alternating polymer and clay layers in a polymer matrix.
The properties of intercalated nanocomposites typically resemble those of ceramic
materials (Ray et al., 2003).
The second type of nanocomposites is referred as exfoliated (or delaminated)
polymer clay nanocomposites, which are obtained by the complete and continuous
dispersion of individually separated clay particles as nanolayers in a polymer matrix.

Figure 1.3 Schematic of different Types of Composites formed from the Interaction of
Layered Silicates and Polymers: (a) Phase-Separated Microcomposites, (b) Intercalated
Nanocomposites, and (c) Exfoliated Nanocomposites (Alexandre et al., 2000).
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Exfoliation is particularly desirable for improving specific properties which are
dependent on the disordered dispersion of the nanolayers and the high interfacial area
between polymer and clay nanolayers. This type of nanocomposites has lower clay
content (usually 5-6%) than intercalated nanocomposites (Qutubuddin et al., 2002).
The new class of polymer clay nanocomposites (PCNs) has generated a great
technological interest and a remarkable growth of usage in various desirable applications.
In general, layered silicates have individual lamellas with thickness of about 1 nm and a
very high aspect ratio (e.g. 10-1000). Thus, a much higher surface area for polymer/filler
interaction is created as compared to conventional composites. A few weight percent of
clays, which are dispersed in a nanometer range in the polymer matrix, is sufficient to act
as a reinforcement. These polymer clay nanocomposites also refer to as polymer layered
silicate (PLS) nanocomposites (Alexandre et al., 2000; Giannelis, 1998; Ray et al., 2003;
Ruiz-Hizky et al., 2004).
1.3.1.1 Preparation of Nanocomposites with Montmorillonite. Three different
methods have been used to prepare polymer clay nanocomposites.
The first method is the "in-situ" polymerization. The organophilic clays are
swollen into a monomer or precursor solution. This is followed by intercalation in which
monomer migrates into the galleries of the layered silicate. The polymerization is
initiated either by heat or radiation, by the diffusion of a suitable initiator, or by an
organic initiator or catalyst fixed through cationic exchange inside the interlayer before
the swelling step and proceeds inside the interlayers of the clay. As a example, Toyota
CRDL researchers produced polyamide (Nylon-6, Polycaprolactam) based on nanocomposites from e-caprolactam monomer and MMT modified with a α,ω-amino acid at
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25 and 100°C (CH3-(CH2)„_1-NH3 + -COOH, where n = 7, 11, 18) (Alexandre et al., 2000;
Kato et al., 2000). This work showed that a large amount of monomer could be
intercalated in the presence of long alkyl chains. After this method was first demonstrated
by the Toyota CRDL group, "in-situ" polymerization has been applied to several other
systems such as epoxies and styrene (Kato et al., 2000; Kudora et al., 2000; Ray et al.,
2003; Qutubuddin et al., 2003).
Xie et al. (2003) prepared polystyrene montmorillonite nanocomposites using
styrene monomer and reactive organoclays (5 wt% loading) to enhance the polymer
thermal stability and mechanical properties. Organoclays were produced by exchanging
sodium ions in montmorillonite with two different alkyl quaternary ammonium chlorides:
a trimethyl-dodecyl ammonium chloride (TMD) and a trimethyl-octadecyl ammonium
chloride (TMO). The results of Transmission Electron Microscopy (TEM) showed the
fine dispersion (exfoliation) of the silicate layers in the PS matrix. In addition, PS-MMT
exhibited better thermal stability and mechanical properties than pure PS.
Gustavo et al. (2004) produced polyaniline clay nanocomposite (PANI-MMT)
by in-situ polymerization. In these nanocomposites, the basal spacing of organoclay in
the polymer expanded as much as 14.1A. An organoclay (An + -MMT) was prepared in
which MMT-Na (basal spacing with 12.8A) was treated with aniline in HCl solution at
80°C for 6 hours. Intercalation of polyaniline into the galleries of the An + -MMT was
shown by the increase of the basal spacing to 13.5A.
The second preparation approach, called the solvent method, involves a similar
strategy as the "in-situ" polymerization method. This solvent method is only suitable for
either polymers soluble in polar solvents (toluene and N, N'- dimethylforamide) such as
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polyvinyl alcohol (PVOH), polyethylene oxide (PEO), and polyacrylic acid (PAA) or for
soluble polymeric precursors in the case of insoluble in organic solvent polymers such as
polyimide (PI).
The Toyota CRD group developed the latter case. They homogeneously
dispersed MMT modified with dodecylammonium hydrochloride as a reagent and mixed
with polyamic acid as a precursor of polyimide in dimethylacetamide (DMAC). By
eliminating the solvent, a polyamide nanocomposite was obtained. The polyamide
nanocomposite was reported to have reduced gas permeability versus the pristine
polyamide with 2 wt% clay loading. However, there were no data on the shift of the Xray diffraction peak or the improvement in water absorption (Kato et al., 2000). The
solvent approach is difficult to apply in industry because of the requirements for large
quantities of solvents, which need to be recovered.
Chen-yang et al. (2004) modified MMT-Na (CEC=98meq/100g) by using two
quaternary ammonium salts, dilauryldimethyl ammonium bromide (LD, [CH3 (CH2)11]2
N (CH3)2Br) and 4, 4'-diaminodiphenylmethane (AP, H2NC6H4CH2C6H4-NH2) acidified
with HC1 at 80°C for 24 hours. The modified MMTs indicated an enhancement of
thermal stability by TGA analysis and expansion of the basal spacing by X-ray
diffraction where peaks were respectively observed as 20.1A and 15.2A; the d-spacing of
the parent silicate layer was 12.0A. These modified MMTs (LDM and APM) were loaded
at 2 wt% into a solution of polyurethane (PU) in N, N'- dimethylformamide (DMF). The
PU/clay nanocomposite showed a lower corrosion rate and higher flame retardency than
the pure PU.
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Recently, melt intercalation has become a popular process for producing
polymer clay (layered silicate) nanocomposites (PCNs). This method is broadly
applicable to a range of commodity polymers from non-polar polyolefins (polyethylene,
polypropylene) or polystyrene to weakly polar polyethylene terephthalate (PET) or to
strongly polar nylon (Giannelis, 1998). In melt intercalation, the organoclays are blended
with the polymer matrix above its melting temperature in order to optimize interaction
between the components. The polymer chains significantly lose their conformation
during intercalation, and this serves as a force for disordered or delaminated exfoliation
of the clays in the polymer matrix.
Polypropylene (PP) is one of the widely-used polyolefin polymers evaluated for
preparing nanocomposites. However, PP is a hydrophobic polymer without any polar
group in its backbone. This compatibility is addressed by using polyolefin oligomers with
polar groups such as OH and COOH as compatibilizers.
The Toyota CRD group first demonstrated the preparation of melt intercalated
PP nanocomposites by using two different types of malefic anhydride modified PP such as
PP-MA-1001 (acid value = 26mg KOH/g) and PP-MA-1010 (acid value = 57mg KOH/g).
The montmorillonite, having sodium exchanged by octadecylammonium ions was
employed at 8 wt%. The final PP nanocomposites demonstrated strong interactions
between the polymer and the clay. The XRD results shown in Figure 1.4 indicated an
increase of the d-spacings of the modified MMTs in the PP nanocomposites (from 21.7A
(20 = 4.1°) to 38.2A (20 = 2.3°) for PP-MA-1001 and 44.0A (20 = 2.0°) for PP-MA1010) (Alexandre et al., 2000). PP nanocomposites employing PP-MA-1010 (larger
content of polar groups than PP-MA-1001) indicated a good stacking order. Judging from
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the broad shoulder with a gradual increase as shown in Figure 1.4 (b), the PP composite
with PP-MA-1001 should be better exfoliated than the one with PP-MA-1001 (Kato et al.,
2000).

Figure 1.4 X-ray Diffraction Patterns of PP-MMT Nanocomposites: (a) with PPMA1010, (b) with PP-MA-1001, and (c) organo-modified MMT (C18-Mt) (Kato et al.,
2000).

Ton-That et al. (2004) produced polypropylene MMT nanocomposites. Three
different commercial clays (Cloisite-Na + , Cloisite-15A, and Cloisite-30B) and two
different malefic anhydride grafted PP as coupling agents were used to optimize the
exfoliation of the clays in the polymer matrix. The researchers demonstrated the role of a
coupling agent characterized by a low grafted content with high molecular weight for
better mechanical properties of the nanocomposites and a compatibilizer characterized by
low molecular weight and high grafted content for high degree of exfoliation. In addition,
the results showed that thermal stability of nanocomposites depended on the onium ions
used to modify the clays.
Zhu and Xanthos (2004) showed that the microstructure of the nanocomposites
depends not only on the properties of the polymer matrix and the nanoclay, but also on
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the operating conditions during processing. Two commercial clays (Cloisite-15A and
Cloisite-30B) at 5 wt% were employed in PP with a malefic anhydride grafted PP as
compatibilizer at 180°C. Two different mixing methods (one-step mixing and two-step
mixing) were used. The nanocomposite with Cloisite 15A produced by the two-step
mixing method showed better exfoliation than that produced by the one-step mixing
method. The XRD results [49.1A (20 = 1.8°)] for the two-step and [35.3A (20 = 2.5°)] for
the one-step Cloisite-15A composites indicated that the residence time is a dominant
factor in producing nanocomposites, but high shear rates and long residence time might
also result in poor exfoliation of clay.
Sanchez-Solis et al. (2004) demonstrated the effect of the chain length of the
exchanged ions between the interlayers of the clay by using polyethylene terephthalate
(PET) and MMTs modified with alkylammonium chloride made from amines of various
chain lengths (n-dodecylamine, n-decylamine, n-tetradecylamine, and n-octadecyl amine)
at 80°C for 1 hour. The researchers confirmed that the interlayer gap of clays increased as
the chain length of the exchanged ion increased although it was not a direct linear relation.
The high degree of exfoliation of organoclays into the polymer matrix and
enhancement of its properties are described in a study by Moussaif and Groeninckx
(2003). They analyzed three different polymer clay nanocomposites: polyvinylidene
fluoride (PVDF-MMT), polymethylmethacrylate (PMMA-MMT), and their copolymer,
(PVDF/PMMA-MMT). The MMT, having sodium ions, was modified by exchange with
dimethyl-dioctadecylammonium chloride at 80°C. When unmodified MMTs were
employed with PMMA and PVDF matrices, poor dispersion with aggregation on a
micron scale was observed. This aggregation was the result of the high interfacial tension
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between the hydrophobic polymers and the hydrophilic untreated MMT. However, when
modified MMT was applied at only 5 wt%, both PMMA and PVDF matrices contained
were dispersed clay particles as shown by TEM. In addition, the results showed a
significant increase in shear viscosity, storage modulus and dynamic mechanical
properties for the nanocomposites.
Cho and Paul (2001) prepared Nylon 6-organoclay nanocomposites and
compared with the nylon clay nanocomposites formed by in-situ polymerization. The
composites formed by melt-intercalation were also well exfoliated, and showed a
continuous improvement in the strength and modulus relative to the neat nylon 6 as more
organoclay was added. The organoclay was formed by ion exchange of MMT-Na with
Bis-hydroxyethyl methyl ammonium chloride.

1.3.1.2 Preparation of Nanocomposites with Hydrotalcite. The layered double
hydroxide, hydrotalcite, has attracted a lot of interest for its use as a filler in compo-sites;
however, investigations on its modification for composites have been rarely reported,
possibly because of difficulties in the exchange of its primary interlayer anions.
Sugahara et al. (1988) reported the intercalation of the bulkier dodecylsulfate
anions (DS , CH3(CH2)110S03 ) into hydrotalcites having interlayer anion (CI) by
-

-

anionic exchange. The expanded large basal spacing was advantageous for the
intercalation of acrylonitrile monomer (AN). HT-DS was soaked in the AN containing
benzoyl peroxide as an initiator. After removal of excess AN, the AN was polymerized
between the layers of modified HT at 50°C for 24 hours and produced HT-PAN
intercalation compound.
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Takagi et al. (1993) reported the investigation of anionic exchange by using two
different hydrotalcites: Kyoward 2200 (containing interlayer OH - ions, ACE = 705meq/
100g) and Alcmac (containing interlayer CF ions, ACE = 350meq/100g) manufactured by
Kyowa Chemical Industry Ltd. Co., Japan. They were modified with an excess amount of
phenylethenylbenzoate in an aqueous solution at 60°C for 10 hours. The X-ray diffraction
peak indicated the interlamellar expansion of the modified hydrotalcite to 4.77A from
2.9A.
The carbonate ion is very hard to exchange in the interlayer because of its
strong affinity to the neighboring atoms. To overcome this problem, new approaches for
exchange were introduced such as calcination in order to remove the undesired and
strongly attached carbonate anion. The calcined HT is reported to form a magnesium and
aluminum oxide solid solution that has a memory effect. It has also been reported that the
calcined HT can be reconstructed to the original HT from aqueous solution containing the
desired anion.
Yapar et al. (2003) produced calcined hydrotalcite by removing the
interlamellar carbonate ion at 550°C for 2 hours. The calcined hydrotalcite was
regenerated in a solution of sodium stearate (CH3 (CH2)16C00 -+Na), which contained an
amount equivalent to 100 % of the theoretical anion exchange capacity, at 80°C for 24
hours. Regenerated organic modified HT with this surfactant showed an expanded
interlayer distance of 32A vs. 7.62A of pristine HT.
1.3.2 Properties of Polymer Clay Nanocomposites

Because of the nanometer size dispersion of clays, polymer clay nanocomposites (PCNs)
exhibit a remarkable improvement in the materials' properties compared with pristine
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polymer or conventional composites (microcomposites) at a clay content of only 5-6
wt%.
The enhancements are included in:
•

mechanical properties such as tensile strength and modulus

•

dynamic stiffness

•

barrier properties such as gas permeability and solvent resistance

•

optical properties

•

ionic conductivity

•

scratch resistance

•

thermal stability

•

flame retardancy;

•

biodegradability of biodegradable polymer

(Alexandre et al., 2000; Kudora et al., 2000; Ray et al., 2003; Ruiz-Hitzy et al., 2004;
Qutubuddin et al., 2002).

These properties strongly depend on the dispersion level (exfoliation). The thin
layered particles used as filler act as individual high aspect ratio units increasing
interfacial area. The exfoliation results in extending the path of gas or liquids through the
polymer, and thus decreasing the nanocomposites' permeability to gases and liquids.
Furthermore, the multi-layered silicate acts as an excellent barrier to slow the escape and
reduce the amount of volatile products.
It can be demonstrated that the thermal stability of PCNs is assigned to the
hindered diffusion of the volatile decomposition products as a direct result of the
decrease in permeability usually observed in exfoliated nanocomposites. Figure 1.5
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illustrates the appropriate level of platelets' orientation required to provide a significant
gas barrier enhancement. Achieving superior properties in PCNs with low fillers contents
also leads to lower cost, lighter end-product and easier processing.

Figure 1.5 Tortuous Path Model for Gas Barrier Enhancement of Polymer Clay

Nanocomposites (Giuseppe, 2004).

Sarazin et al. (2005) produced polypropylene clay nanocomposites, which used
10 wt% of a commercial organoclay. The organoclay was used MMT modified with
dimethyl-dihydrogenated tallow ammonium salts to a 40% organic content and an
interlayer d-spacing of 3.15 nm. These nanocomposites have demonstrated at least 35%
reduction of oxygen permeability and improved by 50% mechanical performance
compared to pure polypropylene.
Han et al. (2005) produced nitrile rubber (NBR) clay nanocomposites. The
researchers confirmed the effect of MMT modified with organic modifiers containimg
vinyl groups (p-vinylbenzenyl chloride, N, N'-dimethyloctylamine, N, N'-didecylmethylamine, and N, N'-dimethyldodecylamine). The mechanical properties of nanocomposites were improved in comparison to the NBR nanocomposites with untreated
MMT containing sodium ions as an interlayer ion. The NBR/vinyl nanocomposites have
much higher tensile strength and Young's modulus than the NBR/MMT-Na nano-
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composites. These results showed that the vinyl group in the modified MMT played a
very important role in improving the mechnical properties of NBR by inducing strong
interactions between polymer and fillers.
Zammarano et al. (2005) demonstrated increased properties of epoxy
nanocomposite in regard to flame retardancy when modified hydrotalcites were added to
the polymer. Hydrotalcites were modified with various organic modifiers (3-amino
benzenesulfonate, 4-toluene sulfonate, and 4-hydroxyl benzene sulfonate) by ion
exchange in aqueous solution at 50°C for 2 hours. The researchers also speculated that
hydrotalcites in the nanocomposites might be used for the preparation of halogen-free and
environment-friendly flame retardant epoxy formulations.

1.4 Ionic Liquids
Ionic Liquids (ILs) are organic salts with melting points below 100°C. ILs have been
especially investigated in organic synthesis as well as in other processes such as
catalysts, bio-processing operations, liquid-liquid extraction, gas separation, as
electrolytes in electrochemistry, and as a heat transfer fluid (Zhao and Malhotra, 2002).
Ionic liquids can be produced with a variety of cations and anions as shown in
Figure 1.6. The most common organic cations containing nitrogen are imidazolium and
pyridinium derivatives, but also phosphonium or tetra-alkyl-ammonium compounds.
Inorganic anions are based on nucleophilic anions such as [BF 4 f, [PF 6 j, [CF3CO2] ,
-

[CF3S03] , etc.
-

Because of their non-measurable vapor pressures, low melting points, good
solvent characteristics for organic, inorganic, and polymeric materials, adjustable polarity,
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catalytic effects, chemical and thermal stability, non-flammability and high ionic conductivity, ionic liquids have been received with tremendous interest for wide applications in
industry. For example:
•

Because of their low melting point, ILs can be used as solvents, for organic reactions.
They also have insignificant vapor pressure with low-toxicity, and, thus, create a
clean environment by reducing air pollution. They are mainly developed and
employed as green solvents replacing volatile organic compounds (VOC) and
substituting for various organic solvents in chemical reactions such as Diels-Alder,
Friedel-Crafts, esterification, etc.

•

ILs are also considered catalysts because of their distinct selectivity and reactivity.

•

ILs have also the attractive benefits of low cost and easy recovery (recycling) since
organic molecules can be easily separated by direct distillation without loss of the
ionic liquids (Zhao and Malhotra, 2002; Zhao et al., 2003).

Figure 1.6 Important Types of Cations and Lists of Anions in Ionic Liquids:
(a) Tetraalkyl ammonium, (b) Tetraalkyl-phosphonium, (c) N, N'—dialkyl imidazolium,
and (d) N-alkyl-pyridinium (Zhao et al., 2003).

An important property of ionic liquids is their high thermal stability. This can be
used to advantage to overcome the lower thermal stability of conventional organic
modifiers used in the treatment of layered silicates. As a result, new approaches are being
investigated by researchers using ionic liquids in polymer clay nanocomposites.
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Gilman et al. (2002) used numerous imidazolium-based molten salts as organic
modifiers for clays. Modified clays were produced by exchanging sodium ions in
montmorillonite with ILs in a mixture of ethanol and deionized water (50:50) at 60°C for
5 hours. Significantly greater thermal stability (100°C improvement) than that of
conventionally modified MMT was observed by TGA analysis. The researchers related
the improved stability to the effect of the chain length of the alkyl group and the anions
present in the ionic liquids. The MMTs treated with alkyl-imidazolium also showed an
expansion of the basal spacing (up to 14.9A) by XRD analysis (Awad et al., 2003).
These thermally stable modified MMTs were mixed with polystyrene (PS) and
polyamide-6 (PA-6) by melt intercalation. The mixtures containing MMT modified with
1, 2-dimetyl-3-hexadecylimidazolium (DMHDIM-MMT) had superior thermal stability
versus PA-6 or PS matrices containing commercial MMTs modified with alkyl
ammonium cations of limited thermal stabilities. The researchers addressed the usage of
these new thermally stable layered silicates for the preparation of nanocomposites from
high temperature thermoplastics and thermoset polymers with high cure temperature
(Gilman et al., 2002).
To investigate the solvent blending of polystyrene clay nanocomposites,
Morgan and Harris (2004) used MMT modified with 1, 2-dimethyl-3-hexadecyl
imidazolium (DMHDIM) bromide. Better exfoliation was obtained in an aromatic solvent
(chlorobenzene) at room temperature for 24 hours. In this study, a fluorinated synthetic
mica (FSM) was also modified with the same imidazolium salt. The modified MMT
showed a high degree of clay exfoliation into the polystyrene matrix. In addition, XRD
analysis indicated an increase of the d-spacing of about 10-14A.
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Byrne et al. (2005) produced MMTs modified with quaternary alkyl
phosphonium salts (trihexyl, tetradecyl, phosphonium tetrafluoroborate) in a solvent of
deionized water and tetrahydrafuran (THF) at 50°C for 24 hours. These modified MMTs
showed an expansion of the basal spacing (18A compared to 11A in pristine MMT) and
improved thermal stability up to 330°C. Treatment with ILs altered the MMT
hydrophilicity and made it more compatible with polymers processed at high
temperatures.

CHAPTER 2
EXPERIMENTAL

2.1

2.1.1

Materials

Clays

2.1.1.1 Montmorillonite.

Sodium MMT (MMT-Na) is a hydrated aluminum silicate

with sodium ions as the predominant exchange cations. Additional water molecules enter
the structure and are coordinated with sodium cations. This leads to an expanded gallery
spacing. The molecular structure of a typical MMT-Na is shown schematically in Figure
2.1.

Figure 2.1 (a) Schematic of Molecular Structure of MMT containing Exchangeable
Sodium ion (MMT-Na), (b) High aspect ratio clay platelet, and (c) Schematic
representation of side view between layers (adopted from Mohanty, 2005, Ray et al.,
2003, and Kato et al., 2000).
24
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For the cationic clay modification study, MMT-Na (trade name: Cloisite-Na + ,
CAS# 1318-93-0, CEC = 92.6meq/100g clay) was used in the form of an odorless tan
powder with off-white color. The specific gravity of MMT-Na is between 2.8-2.9 and its
pH value of 10. Typical particle size is less than 211m for a 10% by volume suspension
(Southern Clay Product Inc., 2005).
Other commercial organoclays such as Cloisite-15A and Cloisite-30B (Southern
Clay Products Inc, USA) were compared to the MMTs modifed with ionic liquids. The
physical properties of two commercial organoclays are listed in Table 2.1.
Table 2.1 Nanoclays and their Organic Modifiers (literature of supplier).
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2.1.1.2 Hydrotalcite. A synthetic hydrotalcite (HT-61), aluminum

magnesium hydroxyl carbonate, (trade name: Pural MG 61 HT) was used for the anionic
exchange and obtained from Sasol, Germany (CAS#1344-28-1). The hydrotalcite is an
odorless white powder with a reported average particle size of 2μm and a weight % ratio
for MgO to Al 2 0 3 of 61:39. The calculated molar ratio of MgO/Al 2 03 was 4. The
weight % of carbon in the hydrotalcite used is 2.04 wt % (10.2 wt% carbonate ion). A
typical Chemical formula of HT-61 is Mg 2x Al 2 (OH) 4 , +4 CO 3 'nH20 (x = 2 in our case).
The pH value of the HT-61 was reported to be in the range of 7-9 for a 100g/Liter
suspension. Hydrotalcites have an exchangeable anion, e.g. a carbonate ion between the
layers. This compensates the excess charge of the crystal by isomorphous replacement of
the lower valence inorganic Mg 2+ cations. This anion also determines the size of the
interlayer distance as 7.7A (Sasol, 2005). A schematic of the hydrotalcite used in this
study is shown in Figure 2.2. The theoretical anion exchange capacity (AEC) was
calculated as 340meq/100g.

Figure 2.2 Molecular Structure of HT containing Interlamellar Carbonate ions (Pural
MG 61HT) (Sasol, 2005).
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2.1.2 Organic Modifiers
2.1.2.1 Ionic Liquids.

The following ionic liquids were used for the clay

modification by ion exchanging: 1-ethyl-3-methyl-imidazolium (EMIM) bromide and 1hexyl-3-methylimidazolium (HXMIM) chloride obtained from Fluka, Germany
(>97% pure). N-ethyl pyridinium (Etpy) tetrafluoroborate (BF4) and N-ethyl pyridinium
trifluoroacetate (CF3COO) were provided by Prof. S. V. Malhotra (Malhotra, 2005).
Chemical structures and information on ionic liquids are shown in Figure 2.3 and Table
2.2.

Figure 2.3 Molecular Structure of Ionic Liquids: (IL-1) 1-ethyl-3-methyl imidazolium
Bromide, (IL-2) 1-hexyl-3-methylimidazolium Chloride, (IL-3) N-ethyl pyridimium
Tetrafluoroborate, and (IL-4) N-ethyl pyridimium Trifluoroacetate.

Table 2.2 Information on Ionic Liquids used as Organic Modifiers.
Ionic Liquid
cation

anion

Abbre-

Molecular

Molecular

Physical

viation

formula

Weight

state at R.T
solid salt

[Br] -

IL-1

C6H11BrN2

191.07

[HXMIM] + [Clf

IL-2

C10H19ClN2

202.72

[EMIM] +

viscous

Used in
ion
exchange
cationic
cationic

liquid salt
cationic/

[Etpy] +

[BF4T

IL-3

C7H10NBF4

194.80

solid salt

[Etpy] +

[CF3COOT

IL-4

C9H10NF402

221.01

liquid salt

anionic
anionic
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2.1.2.2 Bromothymol Blue. Bromothymol Blue (BTB, CAS #: 34722-90-2, Sigma

Aldrich Chemical Co., USA.) is mainly used as a chemical indicator to detect pH changes
of a solution. It shows different colors depending on pH such as yellow for acidic, green
in a narrow range of neutral, and blue for basic. The BTB is an anionic dye in a dark red
powder form with molecular weight of 624.3 8g/mol. The chemical formula of BTB is
C27H28Br2O5S, and its structure is shown in Figure 2.4.
In this study, the Bromothylmol Blue was used as an organic modifier for the
anionic modification of calcined hydrotalcite after removal of the carbonate ion and water.

Figure 2.4 Chemical Structure of Bromothymol Blue (Anonymous, 2005).
2.1.3 Polymers
2.1.3.1 Polypropylene.

Polypropylene (PP) has experienced a fast growth in

comparison to other thermoplastics because of its attractive combination of features and
low cost. The polypropylene used in the preparation of composites was obtained from
ExxonMobile Chemical, USA (trade name: PP4772). Density was 0.9g/cm 3 , melt flow
rate was 1.6g/l0min and melt temperature of 169°C.
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2.1.3.2 Modified Polypropylene. Due to the non-polar characteristics of
polypropylene, a functionalized polyolefin, [maleic anhydride grafted polypropylene (PPg-MA)] was used as a compatibilizer. It was supplied by Polyram, Israel (trade name:
Bondyram 1001). The malefic anhydride level of PP-g-MA was 0.8-1.2 wt%. The polar
end of the MA group grafted on the PP backbone increases the interaction between the
fillers and the polymer and the adhesion to the surfaces of exfoliated fillers. Density of
PP-g-MA was 0.91g/cm 3 , melt flow rate was 62-140g/10min and melt temperature of
145-165°C.

Figure 2.5 Chemical Structures of Repeating Units in Polypropylene and Modified
Polypropylene: (a) Polypropylene (PP) and (b) Polypropylene-grafted-Maleic Anhydride
(PP-g-MA).

2.2 Modification of Clays
2.2.1 Cationic Exchange
Two imidazolium salts and a pyridinium salt were used as organic modifiers for MMTNa. The cationic exchange was carried out at two different conditions (stirring at 80°C for
6 hours and stirring at 60°C for 1 hour).
First, MMT-Na was treated without ionic liquids in distilled water under the two
conditions for purification and filtered (MMT-1 and MMT-2 in Table 3.1).
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In the cationic exchange with organic modifiers (Table 2.2), 1-Ethyl-3-metylimidazolium bromide (IL-1) was used in an equivalent amount to the cationic exchange
capacity (CEC) of MMT-Na. It was first dissolved in distilled water (150ml) by stirring
for 30 minutes. MMT-Na (2 % w/v) was added to the transparent solution and ion
exchange was carried out under the two conditions. The treated MMTs were collected by
filtration using Nalgene ® filter units with GF/A Watmann ® filter paper (7cm diameter,
1.6μm pore size) under vacuum. The MMTs modified with an equivalent amount of IL-1
(MMT-3 and MMT-4 in Table 3.1) were washed 3 times (120-150ml) with distilled water.
The green filtered solids were dried at room temperature for 24 hours and then dried at 80
°C for 24 hours under vacuum. The final dried modified MMT had the same color as the
pristine MMT-Na. Powders of MMTs modified with ionic liquids were obtained by
grinding with a mortar and pestle.
Other modified MMTs were obtained with 1-ethyl-3-methyl-imidazolium
bromide (IL-1), 1-hexyl-3-methyl imidazolium chloride (IL-2) and N-ethyl pyridinium
tetraborate (IL-3) used at 2 X CEC. The modification of these MMTs followed the same
procedures and conditions as before. However, MMTs modified with 2 X CEC of ILs
were analyzed for the presence of residual halogen anion by adding 0.1M silver nitrate
(AgNO3) solution in the filtrate and washing with distilled water. Washing continued
until there was no observation of a white precipitate. The modified MMTs were then
washed 3 more times (for a total of 10 times, 450-500ml) to ensure that all residuals were
removed. Powdered samples were then obtained by drying and grinding using the same
procedures and conditions as before. Sample designations may be found in Table 3.1.
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2.2.2 Anionic Exchange
2.2.2.1 Anionic Exchange of Hydrotalcite with Ionic Liquids.

The exchangeable

interlayer anions in hydrotalcites have different affinity to the large atoms in the
following order:
NO3 - < Br- < Cl - < F - < OH - < SO4 2- < HPO4 2- < CO3 2- (Braterman et al., 2004).
The implication is that a weaker anion can be replaced by exchanging with a
stronger anion. For the hydrotalcite (HT-61) used in this study which contains a strongly
bonded carbonate ion, exchange is expected to be most difficult.
The anionic exchange with the hydrotalcite was also carried out at two different
conditions (stirring at 80°C for 6 hours and stirring at 60°C for 1 hour). This exchange
was based on the mechanism shown below:
Mg2 x Al2(OH) 4x +4 CO 3 •n.H20 + HX —÷ Mg 2xAl 2 (OH) 4x+4 X•nH2 0 + H 2 0 + CO 2
(x = 2 in our case) (Sasol, 2005; Kyowa Chemical Industry Co. Ltd., 1972).
First, the untreated HT-61 was immersed in distilled water under the two previous
conditions, without ionic liquids, for purification and filtered.
For the modification of HT-61 with ionic liquids (Table 2.2), N-ethyl pyridinium
tetrafluoroborate (IL-3) was only used as an organic modifier in an equivalent amount of
the calculated AEC of HT-61. The modification of the hydrotalcite with IL-3 followed
the same procedure as for the cationic exchange.
Modification of HT-61 with IL-3 was also carried out at various different
conditions. In one condition, nitrogen gas was used in order to prevent absorption of
carbon dioxide from the atmosphere during exchange at 60°C for 1 hour. Other
conditions included treatment of HT-61 with IL-3 in 50:50 mixtures of ethanol and
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distilled (-EDT) or deionized water (-EDI) at 60°C for 1 hour to enhance the selectivity
of the anion and promote easier protonolysis of the carbonate ion (Braterman et al., 2004).
Sample designations may be found in Table 3.6.
2.2.2.2 Anionic Exchange of Calcined Hydrotalcite with Ionic Liquids and
Bromothymol Blue. In the TGA results of hydrotalcite obtained from the literature, the

dehydration begins around 180°C and is completed around 300°C. However, the crystal
structure remains unchanged up to 350°C. In the range of 350°C-500°C, change in the
crystal structure occurs by the decomposition of CO3 2- to H20 and CO2. The removal of
the carbonate ion and water leads also to collapse of the hydroxide layers. However, this
calcined hydrotalcite can be regenerated by hydration in an aqueous solution (Sasol,
2005; Kyowa Chemical Industry Co. Ltd, 1972; Braterman et al., 2004).
40g of HT-61 in a porcelain crucible was heated at 450°C for 3 hours in a furnace
to remove carbonate ions and water. This calcined hydrotalcite was kept in the desiccator
to minimize hydration or absorption of carbon dioxide. The amount of calcined HT
(CHT) obtained was 26.3g (65.75 wt% of the original amount of HT).
The modification of CHT through anionic exchange was based on the assumption
that the regeneration of the crystal structure would occur by immersing in a aqueous
solution containing suitable anions. To modify calcined hydrotalcite, two ionic liquids
(ILs) having different size and anion structure (IL-3 and IL-4, see Table 2.2) and
bromothymol blue (BTB) were used as organic modifiers. The ILs were used in an
equivalent molar amount of the calculated ACE of the pristine HT-61 in distilled water,
whereas BTB was used at 100 wt% and 5 wt% of CHT, respectively. N-ethyl pyridinium
tetrafluoroborate (IL-3) and N-ethyl pyridinium trifluoroacetate (IL-4) dissolved in
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distilled water (150ml), were stirred for 30 min to form a transparent solution. CHTs
(2 % w/v) were then immersed into the solutions, and then the pH of the suspension was
measured (11-12) by using an Orion ® pH meter and pH indicating paper. The suspensions
of CHTs were stirred at room temperature for 24 hours.
A 1 % suspension of BTB (pH = 4, measured by using Orion ® pH meter) with an
orange color was mechanically shaken at room temperature for 24 hours since BTB is
soluble in a range of 1% per volume of water. The prepared CHTs were dispersed in the
blue solution of pH 8-9 containing some non-dissolved BTB and stirred at room
temperature for 24 hours.
The modified CHTs were filtered by using Nalgene ® filter units and 42Watmann ®
filter paper (7cm diameter, 2.5μm pore size) under vacuum. They were washed with
distilled water 10 times (450-500ml) to remove all residuals of ILs, any non-dissolved
BTB, or non-intercalated BTB. After drying at room temperature for 24 hours, the
samples were dried at 60°C for 24 hours under vacuum. Powders of the modified CHTs
were ground by using a mortar and pestle.
The CHTs modified with ILs had a milky white color, same as that of HT-61. The
CHTs modified with BTB were blue. The color of the modified CHTs with 5 wt% BTB
was lighter than that of the modified CHTs with 100 wt% BTB. The modified CHTs were
stored in a desiccator. Sample designations may be found in Table 3.7 and 3.12.

2.3 Preparation of Polymer Nanocomposites
Polypropylene clay nanocomposites (PCNs) were prepared by using a Brabender mixer
(PL2000, C.W. Brabender) having a chamber volume of 60cm 3 . The rotors were driven at
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50 rpm in a counter-rotating fashion by two separate servomotors. Before charging the
polymer pellets, the temperature of the mixer was raised to 180°C. The entire mixture
was prepared on the basis of 45g, which was chosen to eliminate the free space in the
chamber and increase the efficiency of mixing.
The mixture of PP and PP-g-MA pellets was prepared at a weight ratio of 85 to
15. For the polypropylene nanocomposites, clays were loaded at 5 wt% in an 85/10
mixture of PP/PP-g-MA. Montmorillonite clays modified with ionic liquids and
commercially available organoclays were used.
After compounding the PP/PP-g-MA mixture for 4-5 minutes, the torque was
stabilized, and then the clays were added. The nanocomposites were then mixed for 20
more minutes.
Samples of the composites were obtained every 5 minutes after loading the fillers.
The composites compounded for 20 minutes were ground under liquid nitrogen. Then,
samples were compression-molded in a PHI press for 2 minutes at 180°C to form
standard test disc specimens with a nominal thickness of 2mm and diameter of 50mm.

2.4 Characterization
2.4.1 Fourier Transform Infrared Spectrophotometry (FTIR)
Infrared spectra of untreated clays, organic modifiers and modified clays were obtained
using a Spectrum One FTIR Spectrometer ® (Perkin Elmer Instruments) in the midinfrared range wavelength 400-4000 cm -1 .
Clays (1 wt%) were mixed with potassium bromide and dried at 120°C for 24
hours under vacuum. Transparent KBr pellets (13mm in diameter, 0.3g ± 0.01) were
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prepared using a die (International Crystal Laboratory, 10 tons of max. safe load
capacity). Ionic liquids were examined using the sample holder of the sodium chloride
crystal or a polyethylene film card (supplied from 3M).
2.4.2 Thermogravimetric Analysis (TGA)
The thermal stability of the untreated clays, ionic liquids and modified clays were studied
by TGA (TA Instruments' QA 50 thermogravimetric analyzer). Tests were carried out
using a ramp from room temperature to 500°C, at a heating rate of 15°C /min in a
nitrogen atmosphere.
2.4.3 Wide Angle X-Ray Diffraction (WXRD)
The d-spacings of untreated clays, ionic liquids, modified clays, and polypropylene clay
composites were evaluated by WXRD using a Philips PW3040 diffractometer (Cu Ka
radiation λ=1.5406A, generator voltage = 45 kV, current = 40 μA).
All specimens were scanned in the 20 ranges from 2°— 45°. Measurements were
recorded for every 0.02°. Plots of counts vs. 20 were obtained. The d-spacings of the
samples were measured using Bragg's law of diffraction (Equation 3.1).
2d = nλ / sin0 (3.1)
where, n is an integer, 1 in our case
Xis the wavelength of the incident X-ray beam in
0 is the angle of incidence in degrees.

A, and
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2.4.4 Scanning Electron Microscopy (SEM)
The surface morphology of the untreated and modified clays were studied with a LEO
1530VP Emission Scanning Electron Microscope (LEO Gemini column) with an electron
beam in the spectral range of 5-7 KeV working voltages.
2.4.5 Energy Dispersive X-ray (EDX) Analysis
Elements in the pristine clays and clays modified with organic modifiers were identified
and determined quantitatively through a nondestructive EDX analysis. This analysis took
into account the accelerating voltage of the beam to produce the spectrum. The data were
converted into weight and atomic percent under the observed area. It was examined using
a LEO 1530VP Emission Scanning Electron Microscope (LEO Gemini column) with a
transfer program, Recon 32 ® software and a data correction program, INKA ® software at
15KeV working voltage.
2.4.6 Elemental Analysis
Elemental analysis for Bromine, fluorine, and nitrogen was performed at QTI
Laboratories, NJ, USA.
The bromine content in the inorganic calcined hydrotalcite (CHT) and CHT
modified with Bromothymol Blue (100 wt%) was determined by combustion of the
sample in an oxygen-rich environment, which converted the covalently-bound bromine to
anionic bromide. The resultant bromide was trapped in a quench solution and titrated
quantitatively with mercuric nitrate in the presence of phenylazoformic acid 2phenyhydrazide as the indicator.
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The percentage fluorine in the untreated CHT and CHTs modified with ionic
liquids was determined by combustion of the sample in an oxygen-rich environment
which converted the covalently bound fluorine to fluoride. The fluoride was trapped in a
quench solution which was then analyzed potentiometrically by an ion specific electrode
using a single known addition technique on the Orion 940/960 Autochemistry System.
The percentage nitrogen in the untreated and modified MMTs was determined
using a 2400 Perkin-Elmer CHN Elemental Analyzer which used the combustion to
convert the sample elements to simple gases such as CO2, H20, and N2. Upon entering
the analyzer, the samples were combusted in a pure oxygen environment. The product
gases were separated under steady state conditions and measured as a function of thermal
conductivity.

CHAPTER 3
RESULTS AND DISCUSSION

This chapter will show the results from experiments carried out to elucidate the effects of
different organic modifiers such as ionic liquids (ILs) and bromothymol blue for
montmorillonite based on sodium ions (MMT-Na), hydrotalcite containing carbonate ions
(HT-61), and calcined hydrotalcite (CHT) on the properties of nanoclays. The results of
analysis for the pristine clays, organic modifiers, and commercial organoclays introduced
in Table 2.1 will also be reported for comparison.

3.1 Modification of Clays with Ionic Liquids
3.1.1 Modification of Montmorillonite with Ionic Liquids
The cationic exchange for the modification of MMT-Na with ILs was performed at two
different conditions (80°C for 6 hours and 60°C for 1 hour). The abbreviations of MMTs
modified with different ionic liquids obtained from cationic exchange are shown in Table
3.1.
In the cationic exchange, the filtration of MMT-0, which was treated in distilled
water without ionic liquids, was difficult and took about 24 hours. Washing also required
another 24 hours. This might be due to the strong hydrophilic character and small size of
the delaminated platey particles of montmorillonite forming a difficult to permeate fishscale like cake. The final sample resembled a sheet, which was hard to grind for making a
powder.
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However, after ion exchange with ionic liquids, a significant difference was
observed. The filtration and washing of MMTs treated with ionic liquids was performed
within 30 minutes, and the sample was lumpy. It was also easy to grind it into a powder.
This difference indicated the possibility of MMT ion exchange with the ionic liquids.
All samples exhibited different colors in each of the steps. For example, the wet
samples that were green turned white after drying.

Table 3.1 Abbreviations of MMTs Modified with Ionic Liquids.
Used
amount
based on
CEC

Abbreviations
of MMTs *

Host
clay

Organic
modifiers

Abbreviations
of
ionic liquids*

Exchange

MMT-0/(a)

MMT-Na

-

-

-

-

MMT-1/(b)

MMT-Na

only H20

-

80/6

-

MMT-3/(c)

MMT-Na

[EMIM]+[Br]-

IL-1/(I)

80/6

equivalent

MMT-5/(d)

MMT-Na

[EMIM]±[BrT

IL-1

80/6

twice

MMT-7/(e)

MMT-Na

[HXMIM] ±[Cl]-

IL-2/(II)

80/6

twice

MMT-9/(f)

MMT-Na

IL-3/(III)

80/6

twice

MMT-2/(g)

MMT-Na

[Etpy]±[BF4]only H 2 O

-

60/1

-

MMT-4/(h)

MMT-Na

IL-1

60/1

equivalent

MMT-6/(i)

MMT-Na

[EMIM]±[Br][EMIM]± [ Br]-

IL-1

60/1

twice

MMT-8/(j)

MMT-Na

[HXMIM] + [Cl]-

IL-2

60/1

twice

MMT-10/(k)

MMT-Na

[Etpy] ± [BF 4 ] -

IL-3

60/1

twice

MMT-15/(m)

MMT-Na

2M2HT

-

-

-

MMT-30/(n)

MMT-Na

MT2EtOH

-

-

-

Temp.

/time

* Letters and numbers in parentheses indicate respective designation in all subsequent
Figures.
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3.1.2 Characterization of MMTs Modified with Ionic Liquids
All the results for characterizing the MMTs modified at 60°C for 1 hour (MMT-2,-4,-6,
-10) showed the same trends with the results of MMTs modified at 80°C for 6 hours
(MMT-1,-3,-5,-7,-9) as shown in subsequent sections. Thus, they are included in
Appendix A. This indicates that different times and temperatures are not important
factors for the modification of MMTs.

3.1.2.1 Fourier Transform Infrared Spectrophotometry.

The FTIR spectra carried

out for pristine untreated MMT-Na (MMT-0) and three different ILs are combined with
those for modified MMTs through cationic exchange to compare their patterns.

Figure 3.1 FTIR spectra of (a) MMT-0 and (b) MMT-1.

In the spectrum of MMT-0 shown in Figure 3.1 (a), the silicon-oxygen and
aluminum-oxygen bonds are respectively observed at 1044 cm -1 and 620 cm -1 , and the
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magnesium-oxygen is assigned to a band between 470 and 530 cm -1 . The strong peak at
1650 cm -1 and the broad band at 3440 cm -1 have been assigned to the bending and
stretching modes of absorbed water (Gustavo et al., 2004). Sharp peaks around 3600 cm -1
are assigned to the hydroxyl group. The FTIR spectrum of MMT-1 (Figure 3.1(b)) shows
sharper peaks, but overall an equivalent pattern to that of MMT-0.
Figures 3.2 and 3.3 compare spectra of IL-1, MMT-0, and MMT-3 or MMT-5
after being modified by IL-1. The spectrum of IL-1 shows that the bond of nitrogenhydrogen exhibits a typical broad peak in the region of 3100-3400 cm -1 . The hydrocarbon
features of the ethyl group are shown by the strong bands at 960, 2870, 2980, and 3070
cm -1 . The peaks for the imidazolium functional group occur at several bands in the
range between 1000-1650 cm -I ; for example, the peaks in the range of 1320 -1600 cm -I
are due to carbon-carbon and carbon-nitrogen vibrations; the conjugated strong peaks
around 1570 and 1630 cm -1 are due to carbon-nitrogen-carbon or carbon-carbon bonds.
In the spectrum of MMT-0, the characteristics of water, including hydroxyl group
stretching and vibration banding of water molecules, cover a large part as a broad or
scattered band in the 1000 -1400 cm -I region and around 3500 cm -1 . This may be one
reason that the broad nitrogen-hydrogen band of ILs in the 3400 cm -1 cannot be clearly
seen in the MMT-3 and MMT-5 spectra.
The spectra of MMT-3 and MMT-5 show a close resemblance with peaks due to
MMT-0 and 11-3 at 1580 cm -1 , 1670 cm' and weak bands in the range of 2880-3160 cm -I
(refer to the green arrows in the Figures).
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Figure 3.2 FTIR spectra of (a) MMT-0, (c) MMT-3, and (I) IL-1.

Figure 3.3 FTIR spectra of (a) MMT-0, (d) MMT-5, and (I) IL-1.
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The FTIR spectrum for MMT modified with IL-2, MMT-7, is shown in Figure 3.4.
Because IL-2 is also a imidazolium derivative like IL-1, its spectrum is typically similar
to that of IL-1 shown in the previous Figures. However, significant stronger peaks than
for IL-1 are observed in the range of 28003100 cm -1 and 14651640 cm -1 , since IL-2 has
longer hydrocarbon chains than IL-1. The spectrum of MMT-7 shows peaks due to
MMT-0, and also peaks found in the spectrum of IL-2. These peaks occur at 1470 cm -1 ,
1570 cm -1 , and in the range of 2860 — 3060 cm -1 (refer to the green arrows in Figure 14).

Figure 3.4 FTIR spectra of (a) MMT-0, (e) MMT-7, and (II) IL-2.

The infrared spectrum of IL-3 (pyridinium based) shows peaks for aromatic
carbon-hydrogen stretching and combinations in the range of 1750 — 2070 cm -l and 29403130 cm -1 . The peaks observed at 1460, 1490, 1580, and 1650 cm -1 are assigned to
carbon- carbon and carbon-nitrogen stretching vibrations in pyridinium. The NH band is
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observed as a broad peak around 3400cm -1 .
Some of the peaks of the spectrum of IL-3 are observed in the spectrum of MMT9 as shown in Figure 3.5. They are around 1490 cm -1 , 1640 cm -I , and 3100 cm -1 as
indicated by green arrows. In addition, another peak at 1710 cm -1 (blue) which does not
appear in the spectrum of IL-3 may be due to the shifting of combined peaks of MMT-7
and IL-3 observed in this region.

Figure 3.5 FTIR spectra of (a) MMT-0, (f) MMT-9, and (III) IL-3.

3.1.2.2 Thermogravimetric Analysis.

The TGA results of MMTs modified with

ILs by cationic exchange are compared to the untreated MMT (MMT-0) and commercial
organoclays such as MMT-15 and -30. The results clearly show the improvement in
thermal stability for all clays modified with ionic liquids. They also show that the thermal
stability enhancement depends on the thermal stability of the ionic liquids (Figure 3.6).
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Thermal stabilities of ILs are in the order of
IL-3 > IL-1 > IL-2.
The comparison of IL-1 and IL-2 shows that thermal stability increases as length of alkyl
chain decreases.

Figure 3.6 TGA results of (I) IL-1, (II) IL-2, and (III) IL-3.

Figure 3.7 shows the high thermal stabilities of MMT-0 and MMT-1. Both
samples retained about 94 wt% at 500°C.
In the comparison of thermal degradation between MMT-3 and MMT-5 modified
with IL-1 in Figure 3.8, MMT-3 shows lower weight loss than MMT-5 due to the smaller
amount of IL-1 used during ion exchange. Both MMT-3 and MMT-5 are more thermally
stable than commercial organoclays modified with quaternary ammonium salts (MMT-15
and MMT-30) and somewhat less stable than unmodified MMT-0.

46

Figure 3.7 TGA results of (a) MMT-0 and (b) MMT-1.

Figure 3.8 TGA results of (a) MMT-0, (c) MMT-3, (d) MMT-5, (m) MMT-15,
and (n) MMT-30.
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Figure 3.9 shows that the thermal stability of MMT-7 modified with IL-2 is
lower than that of MMT-5 or MMT-3 modified with IL-1. The high thermal stability of
MMT-9 modified with IL-3 is shown in Figure 3.10.
Figure 3.11 shows that MMT-9 is more stable than MMT-5 and MMT-7 produced
with the same amount of ionic liquids before about 420°C, and follows the trends of the
pure ILs shown in Figure 3.6. All three MMT-9, MMT-5, and MMT-7 show higher
weight loss than MMT-3, which was produced with a smaller amount of IL. The weight
retention of MMT-9 between 420-500°C is less than for MMT-5. This may due to the
presence of residual BF 4 anions that may have not been fully removed from the clay and,
-

which start decomposing at high temperatures (see inflection point at 425°C in the IL-3
curve of Figure 3.6).

Figure 3.9 TGA results of (a) MMT-0, (e) MMT-7, (m) MMT-15, and (n) MMT-30.
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Figure 3.10 TGA results of (a) MMT-0, (f) MMT-9, (m) MMT-15, and (n) MMT-30.

Figure 3.11 TGA results of (c) MMT-3, (d) MMT-5, (e) MMT-7, and (f) MMT-9.
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3.1.2.3 Wide Angle X-Ray Diffraction. The WXRD analysis was performed in
order to observe the dm spacing change between layers after exchanging sodium ions for
ionic liquids cations.
Figure 3.12 shows a comparison of the WXRD results for MMT-0 and a
commercial organoclay MMT. The peak for MMT-0 is observed at 20 = 7.53° which
corresponds to an interlayer door spacing of 11.74A (same as given by the supplier). The
organoclay, MMT-15, has a d001 spacing of 31.13A at 20 = 2.75°. Another commercial
organoclay, MMT-30, has a d001 spacing of 18.5A (Table 2.1).

Figure 3.12 WXRD results of (a) MMT-0 and (m) MMT-15.

In Figure 3.13 (A), WXRD results for MMTs modified with ionic liquids at 80°C
for 6 hours are presented along with the WXRD results for pure ionic liquids. The
WXRD patterns for IL-1, IL-2, and IL-3 did not show any significant peaks, which
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suggest an essentially amorphous structure. Figure 3.13 (B) shows the detailed
amorphous pattern at a very low intensity range (under 6 counts between 2° and 12°).
Figure 3.13 (A) shows the d001 spacing of 9.84A for MMT-1 shifted from the
11.74A of MMT-0 as a result of MMT-0 purification.
The effect of washing on the d-spacing could also be shown by the comparison
between MMT-3 and MMT-5, which have respectively a d001 spacing of 12.83A (20 =
6.89°) and 12.61A (20 = 7.01°). Even though MMT-5 was produced with twice the
amount of IL-1 than MMT-3, a great amount of washing may have further purified the
sample, and this may be one of the reasons for the slightly lower d-spacing of MMT-5.
As shown in Figure 3.13, MMT-7 and MMT-9 have d o o 1 -spacings of 14.05A (20 = 6.29°)
and 12.86A (20 = 6.87°), respectively. Thus, the order of d001- spacings for MMT-5,
MMT-7, and MMT-9 in comparison to MMT-0 is:
MMT-7 > MMT-9 > MMT-5 > MMT-0.
This indicates that the d001 spacing increases as the molecular size of the ionic liquids
cations increases and becomes intercalated between the silicate layers.

51

Figure 3.13 (A) WXRD results of (b) MMT-1, (d) MMT-5, (e) MMT-7, (f) MMT-9,
(I) IL-1, (II) IL-2, and (III) IL-3.
Figure 3.13 (B) Insert of WXRD results of Ionic Liquids: (I) IL-1, (II) IL-2, and
(III) IL-3.

3.1.2.4 Scanning Electron Microscopy.

SEM images of commercially

available untreated and treated MMTs and MMTs modified with ionic liquids do not
show any differences in surface morphology. Agglomerates are always visible using
microscopy. SEM pictures of several samples are shown in Figures 3.14 through 3.19.
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Figure 3.14 SEM image of MMT-0.

Figure 3.15 SEM image of MMT-1.
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Figure 3.16 SEM image of MMT-3.

Figure 3.17 SEM image of MMT-5.
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Figure 3.18 SEM image of MMT-7.

Figure 3.19 SEM image of MMT-9.
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EDX analysis was used to measure

3.1.2.5 Energy Dispersive X-Ray Analysis.

to the relative weight % of elements on the surface of MMTs. As shown in Table 3.2,
pristine MMT-0 samples (untreated MMT-Na) do not show a uniform elemental analysis,
containing also carbonaceous impurities. However, washed MMT-1 shows not only
uniform patterns, but also only traces of carbon impurities.

Table 3.2 EDX Results of MMT-0 and MMT-1.
MMT-1

MMT-0

Clay
Spectrum*

1

2

1

2

Element

wt %

wt %

wt %

wt %

C

7.32

27.34

0.24

0.49

0

55.75

41.73

60.58

60.07

Na

2.31

1.37

2.42

1.69

Mg

1.86

0.98

2.17

0.63

Al

9.51

12.50

10.29

10.14

Si

23.25

16.08

24.30

26.98

100.00
100.00
100.00
100.00
Total
* Spectrum 1 and spectrum 2 indicate measurements at different surface locations.

Table 3.3 shows the calculated weight ratio of carbon and nitrogen in the three
ionic liquids used as organic modifiers.

Table 3.3 Calculated Weight % Ratio of Carbon and Nitrogen in Cations of Ionic
Liquids.
Ionic Liquids

Nitrogen

Carbon

IL-1

1

2.6

IL-2

1

4.3

IL-3

1

6.0
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In the results of MMTs modified with ionic liquids in Table 3.4, MMT-3 washed
only 3 times does not show a uniform wt% of carbon and a N:C weight ratio of close to
that in IL-1. However, duplicates of the other clays washed 10 times have a more uniform
wt % and N:C weight ratios approximating those shown in Table 3.3. These results
indicate that MMTs modified with ionic liquids can be purified by washing and that ILs
cations become part of the MMTs structure.

Table 3.4 EDX Results of MMTs Modified with Ionic Liquids.
Clay

MMT-3

MMT-5

MMT-9

MMT-7

Spectrum*

1

2

1

2

1

2

1

2

Element

wt %

wt %

wt %

wt %

wt %

wt %

wt %

wt %

C

10.40

14.92

11.39

10.05

13.05

13.90

17.53

17.85

N

01.00

06.86

03.64

03.29

03.22

03.62

03.32

03.70

0

51.17

39.65

49.89

52.50

47.91

45.10

40.78

50.21

Mg

01.22

01.61

01.32

01.14

01.23

01.17

01.24

00.77

Al

09.69

08.83

09.33

09.07

09.00

09.68

09.13

07.32

Si

26.52

28.13

24.43

24.40

25.59

26.53

28.00

20.15

Total

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

* Spectrum 1 and spectrum 2 indicate measurements at different surface locations.

3.1.2.6 Elemental Analysis.

The nitrogen content by elemental analysis in

MMTs modified with ionic liquids is shown in Table 3.5. Analysis for nitrogen indicated
smaller values than those obtained by EDX. The discrepancies between the EDX data and
those for elemental analysis may be due to the single, small quantity sample analyzed
without duplication. The weight % of cations in MMTs approximate values of the weight
loss of MMTs obtained by TGA analysis: 7.96 wt % for MMT-5, 13.10 wt% for MMT-7,
and 10.09 wt% for MMT-9 at 480°C (see Figure 3.11).
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Table 3.5 Theoretical and Experimental Carbon/Nitrogen Analysis.
C : N Ratio

wt% N

wt% Cation

-

0.00

0.00

IL-1 Theor.

2.6 : 1

14.2

-

MMT-5(MMT-0 +IL-11,Exper.

3.1 : 1

2.35

9.83

IL-2 Theor.

4.3 : 1

13.8

-

4.1 — 3.8 : 1

2.27

13.6

6.0 : 1

14.0

-

5.3 — 4.8 : 1

1.09

12.3

Sample
MMT-1

MMT-7(MMT-0 +IL-2)

Exper.

IL-3 Theor.
MMT-9(MMT-0 +IL-3)

Exper.

3.1.3 Modification of Hydrotalcite with Ionic Liquids
The abbreviations of HTs modified with IL-3 at various conditions are described
in Table 3.6. FTIR, TGA, and WXRD data did not show any differences from those of
HT-0 (untreated HT-61). These results are presented in Appendix B (Figures B.1 -12).

Table 3.6 Abbreviations of HTs Modified with Ionic Liquids.
Host
clay

Organic
modifiers

Abbreviations
of
ionic liquids*

Exchange
temp.
/time

Used
amount based
on AEC

HT-0/(a)

HT-61

-

-

-

-

HT-1/(b)

HT-61

only H20

-

80/1

-

HT-3/(c)

HT-61

[Etpy]+[BF4]-

80/1

equivalent

HT-2/(d)

HT-61

only H20

-

60/1

-

HT-4/(e)

HT-61

[Etpy]+[BF4T

IL-3

60/1

equivalent

HT-N/(f)

HT-61

[Etpy] ± [BF4]-

IL-3

60/1

equivalent

HT-EDT/(g)

HT-61

[Etpy] ± [BF4] -IL-3

60/1

equivalent

Abbreviations
of
HTs *

IL-3/(III)

equivalent
IL-3
60/1
[Etpy] ± [BF4]* Letters and numbers in parentheses indicate respective designation in all subsequent
Figures.
HT-EDI/(h)

HT-61
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3.2 Modification of Calcined Hydrotalcite (CHT)
3.2.1 Modification of CHTs with Ionic Liquids
In the anionic exchange experiments with calcined hydrotalcite (CHT), two ionic liquids,
having anions of different size and structure (IL-3 and IL-4), were used as organic
modifiers. The filtration and washing (using distilled water 10 times) of the modified
CHTs required more time (about 40-50 minutes) than that of the untreated HT and CHT
(about 5-10 minutes). Table 3.7 contains abbreviations and description of the four
systems studied.

Table 3.7 Abbreviations of CHTs Modified with Ionic Liquids.

Abbreviation
of CHT*

Abbreviation

Exchange

of
ionic liquids*

temp
/time

Used
amount
based on
AEC

Host
clay

Organic
modifier

HT-0/(a)

HT-61

-

-

-

-

CHT-0/(b)

HT-61

-

-

-

-

CHT-1/(c)

CHT

[Etpy] + [BF 4 ]-

IL-3/(III)

RT/24

Equivalent

CHT-21(d)

CHT

[Etpy] + [CF3CO2] -

IL-4/(IV)

RT/24

Equivalent

* Letters and numbers in parentheses indicate respective designation in all subsequent
Figures.
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3.2.2 Characterization of CHTs Modified with Ionic Liquids

The FTIR spectra of

3.2.2.1 Fourier Transform Infrared Spectrophotometry.

HT-0 and CHT-0 are shown in Figure 3.20. For the HT-0 spectrum (a), the peak observed
at 1360 cm -1 is characteristic of the anti-symmetric stretching vibration of the carbonate
ion. The bands in the range of 600-900 cm -1 are assigned to the vibration modes of the
hydroxide octahedral layers of hydrotalcite (Iyi et al., 2004; Wypych, 2004). The
stretching vibration of hydroxyl occurs at 3400-3600 cm -1 , and the broad peaks around
1600 cm -l and in the range of 3000-3200 cm -1 are assigned to the bending vibration based
on H2O.

4000 3700 3400 3100 2800

2500 2200
1900
1600
Wavelength (cm -1 )

Figure 3.20 FTIR spectra of (a) HT-0 and (b) CHT-0.

1300

1000

700

400
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However, the FTIR spectrum of CHT-0 in Figure 3.20 (b) does not show
absorption at 1360 cm -1 , which indicates the removal of carbonate ions by calcination.
The two peaks around 1550cm -1 (refer to green arrow in Figure 3.20 (b)) suggest
absorbed moisture from the atmosphere.
The FTIR results for ionic liquids such as IL-3 and IL-4 are typical of spectra
containing weakly complexed anions. In the spectrum of IL-3 shown in Figure 3.21 (III),
a strong peak observed at 1170 cm -1 is assigned to the anion, [BEd - along with the peaks
at 1090 cm -1 and 770 cm -1 . Among these peaks, a weak peak occurs at 1170 cm -1 in the
spectrum of CHT-1 (refer to green arrow in Figure 3.21 (c)).

Figure 3.21 FTIR spectra of (a) HT-0, (b) CHT-0, (c) CHT-1, and (III) IL-3.
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For the anion, [CF 3 C00] - , in IL-4, various peaks assigned to the stretching
vibration of carbon-fluorine are observed in a broad range as shown in Figure 3.22 (IV):
1000-1300 cm -1 and 680-810 cm -1 . Strong peaks occurring at 1490 cm -1 and 1670 cm -1
correspond to the stretching vibration of the ester group present in the anion of IL-4. In
the spectrum of CHT-2 shown in Figure 3.22 (d), three peaks in the range of 1140-1300
cm- 1 are observed at similar positions as in the spectrum of IL-4. In addition, the peak
assigned to the anion of IL-4 (ester group) occurs at 1670 cm -1 (indicated by green arrow
in Figure 3.22(d)). This indicates that the anions of IL-4 become part of the structure of
CHT-0.

Figure 3.22 FTIR spectra of (a) HT-0, (b) CHT-0, (d) CHT-2, and (IV) IL-4.
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3.2.2.2 Thermogravimetric Analysis. The TGA results of ionic liquids used as

organic modifiers in the anionic exchange shown in Figure 3.23 indicate that IL-4 has
lower thermal stability than IL-3. In the TGA results of HT-0 shown in Figure 3.24 (a),
the dehydration of hydrotalcite takes place in the range of 180-300°C. The crystal
structure of HT-0 exists before the collapse of the layers by the thermal decomposition of
carbonate ions to carbon dioxide and water at 350-500°C (Sasol, 2005; Kyowa Chemical
Industry Co. Ltd, 1972.).

Figure 3.23 TGA results of (III) IL-3 and (IV) IL-4.

The results for CHT-0 shown in Figure 3.24 (b) indicate that CHT-0 does not
contain carbonate ions or water. Weight retention at 450°C of HT-0 and CHT-0 are 65.9
and 88.7 wt %, respectively.
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The TGA results of CHT-1 and CHT-2 show different patterns from those of the
thermal degradation of HT-0. This difference indicates that CHT-1 and CHT-2 are
modified by ionic liquids even though they are regenerated by hydration in the aqueous
solution. The thermal stabilities of CHTs modified with ionic liquids follow the stability
order of organic modifiers shown in Figure 3.24. Weight retention at 480 ° C of CHT-1
and CHT-2 are 64.2 wt% and 67.6 wt%, respectively.

Figure 3.24 TGA results of (a) HT-0, (b) CHT-0, (c) CHT-1, and (d) CHT-2.

3.2.2.3 Wide Angle X-Ray Diffraction.

Hydrotalcite as a layered double

hydroxide, (LDH), has a series of strong basal reflections indexed as 003, 006, etc.,
corresponding to a successive order of the d-spacings (Braterman et al. 2004) as shown
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in Figure 3.25 (A). Figures 3.25 (A) and (B) show the essentially amorphous patterns of
the ionic liquids.
The WXRD results of HT-0 show the d 003 spacing at 7.56A (20 = 11.71°) and
the d006 spacing at 3.78A (20 = 23.49°). The results of CHT-0 indicate amorphous
characteristics due to the collapse of the structure by calcination. The results of CHT-1
and CHT-2 suggest regeneration of the CHT-0 structure after modifying with ionic
liquids in the aqueous solution with a slight shift of the d003 spacing to 7.64A (20 =
11.59°) and of the d 006 spacing to 3.81A (20 = 23.35°).

Figure 3.25 (A) WXRD results of (a) HT-0, (b) CHT-0, (c) CHT-1, (d) CHT-2,

(III) IL-3, and (IV) IL-4.
Figure 3.25 (B) Insert of WXRD results of Ionic Liquids: (III) IL-3, and (IV) IL-4.
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The difference in the d003-spacing between CHTs modified with ionic liquids
and HT-0 is only about 0.1A. This small change may be due to the relative small anion of
the ionic liquids used. Another possible reason may be that hydroxyl groups from the
aqueous solution were absorbed on the platelets of CHTs preventing intercalation of the
anion. Another reason may be the absorption of carbon dioxide from the atmosphere or
from the aqueous solution. Future experiments should be carried out in a carbon dioxidefree atmosphere.
3.2.2.4 Scanning Electron Microscopy. In Figures 3.26 and 3.27, the SEM
images of HT-0 and CHT-0 show that the surface of the unmodified particles is relatively
circular. On the other hand (Figures 3.28 and 3.29), after treatment with ionic liquids, the
platelets of the CHTs appear to have a sharper edge morphology, possibly as a result of
some interlamellar expansion.
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Figure 3.26 SEM image of HT-0.

Figure 3.27 SEM image of CHT-0.
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Figure 3.28 SEM image of CHT-1.

Figure 3.29 SEM image of CHT-2.
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3.2.2.5 Energy Dispersive X-Ray Analysis. EDX analysis was used to measure the

relative weight % of elements on the surface of the calcined hydrotalcite (CHT).
The results of unmodified HT-0 show a uniform wt % distribution of elements
(Table 3.8). In this analysis, the wt % of carbon is higher than that given by the supplier
(2.04 wt%). This may be due to further absorption of carbon dioxide during the analysis.
The weight % ratio of Mg:Al is about 2:1 as also given by the supplier.
Table 3.8

EDX Results of Unmodified HT-0.
Clay
Spectrum*
Element

HT-0
Wt %

2
wt %

C
0
Mg
Al

4.26
63.42
21.52
10.80

4.37
64.11
20.88
10.64

Total

100.00

100.00

1

* Spectrum 1 and 2 indicate measurements at different surface locations.
The calculated weight % ratios of elements in the anion of the ionic liquids used
are shown in Table 3.9.
In the results of CHTs modified with ionic liquids, the boron present in the
anion of IL-3 cannot be detected because of its low atomic number. The presence of
fluorine appears in the EDX results shown in Table 3.10. These results indicate that the
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anion of the ionic liquids is either absorbed on the surface or intercalated into the
interlayers of CHTs.

Table 3.9 Calculated Weight % Ratio of Boron-Fluorine and Carbon-Oxygen-Fluorine
in Anions of IL-3 and IL-4.
Ionic Liquids

Boron

IL-3

1.00

IL-4

Carbon

Oxygen

Fluorine
7.00

1.00

1.30

2.40

* The calculated weight % ratio of carbon to nitrogen in the cation, N-ethyl pyridinium,
of ILs is 6:1.
The presence of nitrogen and carbon was also observed. CHT-1 shows the wt %
ratio for carbon to nitrogen to be about 6:1. This wt % ratio close to the calculated
weight % ratio in the cation of IL-3 suggests that the cation is still part of the CHT-1
structure. In the results of CHT-2, the wt % ratios of C:N were calculated from 5.7:1 to
7.0:1. It also appears that in different CHT-2 samples the wt % of carbon increases as the
wt % of nitrogen increases. This also suggests that for CHT-2, the cation is still part of
the structure of the regenerated CHTs. The small excess of carbon in spectrum 2 of CHT2 compared to the calculated weight % C:N ratio in the cation of IL-4 may be due to the
carbon present in the anion of IL-4. It should be noted that in CHTs modified with ionic
liquids the wt% ratio of Mg to Al is still about 2:1 as for the untreated hydrotalcite, HT-0.
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Table 3.10 EDX Results of CHTs Modified with Ionic Liquids.

Clay
Spectrum
Element

CHT-1
1
wt %

CHT-2
1
wt %

2
wt %

B
C
N
0
F
Mg
Al

16.09
2.65
54.14
2.63
16.61
7.88

5.09
0.89
60.95
1.59
20.14
11.34

15.06
2.07
56.22
1.61
17.10
7.94

Total

100.00

100.00

100.00

* Spectrum 1 and spectrum 2 indicate measurements at different surface locations.
3.2.2.6 Elemental Analysis. The fluorine content in two CHTs modified with

ionic liquids was determined as 1.6 wt % and 1.56 wt % by elemental analysis (Table
3.11). The fluorine content in the CHT-2 is very close to that obtained by the EDX
analysis (Table 3.10). However, analysis for nitrogen indicated much smaller values than
those obtained by EDX. The discrepancies between the EDX data and those for elemental
analysis may be due to the single, small quantity sample analyzed without duplication.
Weight % anions of ionic liquids intercalated into the CHTs by anionic exchange were
obtained from the experimental content of fluorine by elemental analysis. These data
show a much smaller amount of anions intercalated into CHTs than that expected from
the theoretical anion exchange capacity: 29.4 wt% for CHT-1 and 38.4 wt% for CHT-2.
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Table 3.11 Theoretical and Experimental Fluorine, Nitrogen, and Anion Content in the
Modified CHTs.
wt% F

wt% N

Wt% anion of ILs in CHTs

CHT-0

0.00

< 0.05

-

IL-3Theor.

1.83

CHT-1 (CHT-0 +IL-31,Exper.

1.60

IL-4 Theor.

3.10

CHT-2 (CHT-0 +IL-4) Exper.

1.56

Clay

< 0.05

1.80
-

< 0.05

3.20

3.2.3 Modification of CHTs with Bromothymol Blue
The filtrate obtained by washing the CHT-BTB 100 (see Table 3.12) showed a blue color;
however, it was transparent for CHT-BTB5 (see Table 3.12) which indicates that in
CHT-BTB 100 an excess amount of BTB was used.

Table 3.12 Abbreviations of CHTs Modified with Bromothymol Blue.
Abbreviation
of CHT*

Host
clay

Organic
modifiers

Abbreviation
of ionic liquids*

Exchange Used amount
temp/time
of BTB

CHT-BTB5/(e)

CHT

BTB

BTB / (V)

RT/24

5 wt %

CHT-BTB100/(f)

CHT

BTB

BTB

RT/24

100 wt %

* Letters and numbers in parentheses indicate respective designation in all subsequent
Figures.
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3.2.4 Characterization of CHTs Modified with Bromothymol Blue
3.2.4.1 Fourier Transform Infrared Spectrophotometry. BTB in Figure 3.30 (V)

has a complicated spectrum. There are aromatic carbon-carbon stretch bands at about
1500 cm -1 . The aromatic carbon-hydrogen bond is assigned to the peaks in the range of
2800-3000 cm -1 , 1000 cm -1 , and 600-700 cm -1 . The broad band centered in the range of
2700 - 3200 cm-1 is caused by the overlapping of the hydroxyl group peak. A hydroxyl
stretch can still be observed at 3400 cm -1 . The methyl group is assigned to a peak around
1200-1600 cm -1 . The bands around 1030 and 1380 cm - 1 can be attributed to the presence
of carbonyl group. The band of carbon-bromine stretch is observed at approximately
700 cm -1 , and the SO3 band is assigned to the peaks at about 500, 1050, and 1380 cm -1 .
In the spectra of CHTs modified with BTB (Figure 3.30 (e) and Figure 3.31 (0),
many peaks are observed at similar positions compared to the spectrum of BTB. They are
located at about 2800-3000 cm -1 , 1000-1600 cm -1 , and 600-800 cm -1 as indicated by
green arrows in the Figures. These peaks indicate the presence of BTB on the surface and
possibly in the interlayers of CHT.
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Figure 3.30 FTIR spectra of (a) HT-0, (b) CHT-0, (e) CHT-BTB5, and (V) BTB.

Figure 3.31 FTIR spectra of (a) HT-0, (b) CHT-0, (f) CHT-BTB100, and (V) BTB.
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3.2.4.2 Thermogravimetric Analysis. As shown in Figure 3.32, the results of
CHTs modified with BTB do not show a pattern similar to that of HT-0 or HT modified
with ILs (see Figures B8 and B9) and to some extent to CHTs modified with ILs (Figure
3.24). For example, there is no rapid thermal decomposition around 230°C as shown for
pure BTB, and no distinct dehydration/decarbonation regions as shown for HT-0. These
indicate that the thermal stability of CHT-0 has been changed by ion exchange with BTB.
Weight loss of modified CHT depends on the amount of BTB present.

Figure 3.32 TGA results of (a) HT-0, (b) CHT-0, (e) CHT-BTB5, (f) CHT—BTB 100,
and (V) BTB.

75

3.2.4.3 Wide Angle X-Ray Diffraction.

The effect of BTB intercalation is

shown by the results of WXRD analysis. BTB shows complicated peaks in Figure 3.33
(V). Its smallest 20 position is at 9.11° (d-spacing of 9.7A).
The results of CHTs modified with BTB show the appearance of new peaks at
very low 20 positions compared to the untreated HT (HT-0) and BTB. These new peaks
indicate intercalation of BTB and expansion of the basal spacing of the regenerated
hydrotalcite.
The measured d-spacings of CHT-1 and CHT-2 are 18.47A (20 = 4.79°) and
19.47A (20 = 4.53°), respectively. This difference may be due to the different amounts of
BTB used in the anionic exchange.
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Figure 3.33 WXRD results of (a) HT-0, (b) CHT-0, (e) CHT-BTB5, (f) CHTBTB 100, and (V) BTB.

3.2.4.4 Scanning Electron Microscopy.

The SEM images of CHTs modified

with BTB (Figures 3.34 and 3.35) show sharper edges, possibly as a result of
interlamellar expansion, as compared to the circular edges of untreated HT and calcined
HT shown in Figures 3.26 and 3.27.
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Figure 3.34 SEM image of CHT-BTB5.

Figure 3.35 SEM image of CHT-BTB 100.
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3.2.4.5 Energy Dispersive X-Ray Analysis.

The results of EDX analysis in Table

3.14 show the presence of BTB on the surface and/or at the interlayers of CHTs by
analyzing for bromine and sulfur. In addition, the wt % of these elements increases as the
amount of BTB increases. The EDX results of CHTs modified with BTB show that as
expected that the weight % ratio of Mg/Al is about 2. The experimental weight % ratio of
Br/S is close to that of pure BTB.

Table 3.13 EDX Results of CHTs Modified with Bromothymol Blue.
Clay

CHT-BTB5

CHT-BTB100

Element

wt %

wt %

C

19.39

30.86

0

48.43

37.54

Mg

17.60

13.33

Al

9.24

6.34

S

1.05

2.13

Br

4.29

9.80

Total

100

100

* Calculated weight % ratio of elements in BTB is C: 0: S: Br = 10.13:2.50:1.00:5.00.

3.2.4.6 Elemental Analysis.

Elemental analysis of CHT-BTB 100 indicated a

bromine content of 9.1 wt% (almost same as that obtained by EDX). Theoretical and
experimental Br:S:C ratios are shown in Table 3.15 along the weight percentage of anion
in CHT by using elemental analysis data. The weight % of BTB anion intercalated in
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CHT shows a little excess compared with the wt% of removed carbonate ion and water
(34.25 wt%) in the pristine hydrotalcite (HT-61) and the weight loss of modified CHT
(34.61 wt% at 490°C) by TGA analysis (Figure 3.32). These results indicate the presence
of the BTB anions either on the surface or at the CHT interlayer.
Table 3.14 Theoretical and Experimental Bromine/Sulfur/Carbon Analysis.

Sample

Br : S: C ratio

wt% F

CHT-0

0.00

5.00: 1.00: 10.1
BTBTheor.
CHT-BTB 100 (CHT-0 +BTB1,Exper. 4.51 : 1.00: 18.5

35.4
9.10

wt% anion of BTB
in modified CHT

35.5
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3.3 Polypropylene Nanocomposites with Modified Montmorillonites
3.3.1 Physiochemical Changes during Mixing
Polymer clay nanocomposites (PCN) prepared using a Brabender mixer at 180°C, are
listed in Table 3.17. Data on changes of torque and color were collected approximately
every 5 minutes.

Table 3.15 Abbreviations of Polymer Clay Nanocomposites.
Abbreviation

Base
Polymer

Compatibilizer

MMT type

Weight Percent
(Polymer/Comp./MMT)

PP

PP

-

-

100 / 00 / 00

PP/PP-g-MA

PP

PP-g-MA

-

85 / 15 / 00

PN - 1

PP

PP-g-MA

MMT-0

85 /10/05

PN - 2

PP

PP-g-MA

MMT-15

85 /10/05

PN - 3

PP

PP-g-MA

MMT-30

85 /10/05

PN - 4

PP

PP-g-MA

MMT-5

85 /10 /05

PN - 5

PP

PP-g-MA

MMT-7

85 /10 /05

PN - 6

PP

PP-g-MA

MMT-9

85 /10/05

Figure 3.36 shows the relation of torque vs. time. The torque increased when
MMTs used as fillers were added at about 5 minutes.
In the preparation of PN-2 and PN-3, the torque became and continued to be
stable, but it continuously decreased during the preparation of PN-4 and PN-5. This is
probably due to the limited thermal stability of IL-1 and IL-2 used for MMT-5 and
MMT-7 (Figures 3.6 and 3.11). In the preparation of PN-1 (no modifier) and PN-6 (more
thermally stable IL-3), the torque was stable until 15 minutes after loading the fillers and
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then decreased slowly. This may be due to the thermo-oxidative degradation of the
composites, at longer mixing times.

Figure 3.36 Torque vs. Time of PCNs: (c) PN-1, (d) PN-2, (e) PN-3, (f) PN-4, (g) PN-5,
and (h) PN-6.
Visual observation of the color change during compounding showed that
polypropylene (PP) had a transparent white color; the color of the PP/PP-g-MA mixture
was darker.
When the fillers were added, the color became light yellow in the preparation of
PN-1, PN-2 and PN-3. However, there was no significant change of color in the
preparation of PN-4, PN-5, and PN-6. After mixing the fillers, the color in PN-2 and PN3 gradually darkened 10 minutes later. However, in the preparation of PN-1, PN-4, PN-5,
and PN-6, the color changed after 15 minutes. Changes of color may be due to the
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thermal degradation of composites and/or the ionic liquids used to modify the MMTs. By
visual observation of the prepared polypropylene clay composites in PN-1, PN-2, and
PN-3, no clay particles could be seen. However, aggregates were observed in the
composites that were compounded with MMTs modified with ionic liquids (PN-4, -5, and
-6). This indicates that the MMTs, modified with ionic liquids having a short carbon
length, are not completely compatible with the polypropylene matrix.

3.3.2 Wide Angle X-Ray Diffraction
Wide angle X-ray diffraction (WXRD) results measuring the d-spacings of clays after
compounding into polypropylene are shown in Figure 3.37.
In Figure 3.37 (A), PP and PP/PP-g-MA show the same patterns with six peaks at
the same positions listed in the literature (works by Kim et al., 2004); The 20 positions of
d110, do4o,d13o,d1 1, d041, and d131 are observed at 14.1°, 17.0°, 18.7°, 21.3°, 21.8°, and
22.3°, respectively. In the results of polypropylene composites with fillers, peaks in the
lower angle range, which are not present in the PP and PP/PP-g-MA, are observed.
Figure 3.37 (B) shows magnified WXRD results of polypropylene clay
composites in the 20 range of 2-12°. The peaks corresponding to the dm-spacing of
MMTs after compounding with the polypropylene were, in general, observed to shift to
lower 20 positions.
The dm-spacings and 20 positions of MMTs before and after compounding are
shown in Table 3.18. The increase of the dom.-spacings of the MMTs after compounding
demonstrates the intercalation of polymer chains into the stacks of clay during
preparation of the composites. However, the presence of residual signals in the WXRD
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spectra indicates that the clays are not fully exfoliated in the polypropylene composites.
It is of interest to note that all MMTs (commercial and experimental) show an
expanded d-spacing vs. that of MMT-0, an indication of intercalation at different degrees.

Table 3.16 Comparison of doo1-spacings Before and After Compounding.

Clay

Before compounding

After compounding

doo1-spacing

20

d001-spacing

20

MMT-0

11.74A

7.53°

12.68A

6.97°

MMT-15

31.30A

2.75°

35.80A

2.47°

MMT-30

N/M*

N/M*

15.10A

5.85°

MMT-5

12.61A

7.01°

12.90A

6.83°

MMT-7

14.05A

6.29°

14.10A

6.25°

MMT-9

12.86A

6.87°

13.46A

6.57°

* The doo1-spacing of MMT-30 was obtained from the supplier as 18.5A, but it was not
measured in this thesis.
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Figure 3.37 (A) WXRD results of PCNs: (a) PP, (b) PP/PgMA, (c) PN-1, (d) PN-2,

(e) PN-3, (f) PN-4, (g) PN-5, and (h) PN-6.

Figure 3.37 (B) WXRD results of PCNs magnified in the range of 2-12° and insert of

WXRD results of PN-1.

CHAPTER 4
CONCLUSIONS

In the modification through ion exchange of a cationic clay, montmorillonite, with ionic
liquids having different size and structures, a significant difference before and after ion
exchange was observed in the filtration and washing time using distilled water. MMTs
immersed in aqueous solution without ionic liquids required more than 48 hours for
filtration and washing under vacuum, while the treated MMT required only 30 minutes
for filtration and washing as many as 10 times (450-500ml). By washing the modified
MMTs 10 times, we believe that all the residuals, particularly the halogen anions of the
ionic liquids, were removed as confirmed by the white precipitate obtained by using a
silver nitrate solution.
The intercalation of ionic liquids in MMT through exchange with interlamellar
sodium ions was confirmed by comparing with the results of untreated MMTs and pure
ionic liquids by the following qualitative methods:
•

Fourier Transform Infrared Spectrophotometry (FTIR) for observation of functional
groups present in the exchanged cations of the ionic liquids

•

Thermogravimetric Analysis (TGA) for observation of the differences in thermal
degradation behavior between untreated MMT and modified MMTs

•

Wide X-ray Diffration (WXRD) for observation of the expanded interlayer distance
in the MMTs modified with ionic liquids.

Modification of MMT did not affect the surface morphology of MMT as shown by
Scanning Electron Microscopy (SEM).
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The exchange of ionic liquids with interlamellar sodium ions in the MMT was
confirmed quantitatively by;
•

TGA for observation of the retained amount of modified MMTs at different
temperatures

•

EDX and Elemental Analysis for content of elements present in the cations of the
ionic liquids.

It is of importance to note that EDX results showed uniform element composition of the
modified MMT which was washed 10 times by contrast to the non-uniform content
results in untreated and treated MMT after washing only 3 times. In addition, the results
showed an improved thermal stability vs. commercial nanoclays modified with long
chain quaternary ammonium salts, as a result of sodium ions exchanged with cations of
the ionic liquids.
In the cationic exchange, the modification of MMT was performed at two different different time and temperature conditions. No differences were observed between
these conditions.
In the modification of anionic clays, hydrotalcite (HT) was also treated with ionic
liquids at different conditions: stirred at 80°C for 6 hours, stirred at 60°C for 1 hour,
purging nitrogen gas during ion exchange, or using a mixture of ethanol and distilled
water or deionized water as solvents. No differences were observed through qualitative
analysis by FUR, TGA, and WXRD, indicating no intercalation.
In addition to the pristine anionic clay, calcined hydrotalcite (CHT) after removal
of interlamellar carbonate ions and water, was used not only with ionic liquids having
anions of different size and structures but also with a bulkier anion, namely Bromothymol
Blue (BTB).
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The calcined hydrotalcite having an amorphous structure was shown to be
regenerated to its crystalline form by anionic exchange with the organic modifiers in the
aqueous solution. These regenerated CHTs had different surface morphology as
compared with the untreated HT and CHT by SEM.
The CHTs modified with ionic liquids and BTB were characterized by qualitative
and quantitative analysis and compared with results of untreated CHT and organic
modifiers. Intercalation of anions of ionic liquids and BTB anion were investigated
through FTIR, TGA, WXRD, EDX and elemental analysis. The CHTs modified with two
ionic liquids having a relatively small size anion showed very small structural differences
versus the pristine hydrotalcite. This suggests surface absorption of the anion rather than
intercalation. By contrast to CHTs modified with ionic liquids, WXRD results with BTB
indicated a significant increase of interlamellar spacing as a result of intercalation with
the bulkier anion.
All montmorillonites modified with ILs, which were tested in the preparation of
polypropylene nanocomposites, showed very small intercalation of polymer chains as
confirmed by WXRD, although much higher in all cases than the pristine mineral. They
also showed limited dispersion in the polymer matrix by comparison with commercial
organoclays, possibly due to insufficient lipophilicity.
Future work with different ionic liquids and/or polymer matrices of different
polarity is recommended for improved intercalation and dispersion.

APPENDIX A

CHARACTERIZATION OF MMT MODIFIED WITH IONIC LIQUIDS
(CONDITION: STIRRING AT 60°C FOR 1 HOUR)

All results of characterization of MMTs modified with ILs by cationic exchange at 60°C
for 1 hour (MMT-2,-4,-6,-8,-10) are shown in Appendix A.

Figure A.1 FTIR spectra of (a) MMT-0 and (g) MMT-2.
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Figure A.2 FTIR spectra of (a) MMT-0, (h) MMT-4, and (I) IL-1.

Figure A.3 FTIR spectra of (a) MMT-0, (i) MMT-6, and (I) IL-1.
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Figure A.4 FTIR spectra of (a) MMT-0, (j) MMT-8, and (II) IL-2.

Figure A.5 FTIR spectra of (a) MMT-0, (k) MMT-10, and (III) IL-3.
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Figure A.6 TGA results of (a) MMT-0 and (b) MMT-2.

Figure A.7 TGA results of (a) MMT-0, (h) MMT-4, (i) MMT-6, (m) MMT-15,
and (n) MMT-30.
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Figure A.8 TGA results of (a) MMT-0, (j) MMT-8, (m) MMT-15, and (n) MMT-30.

Figure A.9 TGA results of (a) MMT-0, (k) MMT-10, (m) MMT-15, and (n) MMT-30.
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Figure A.10 TGA results of (h) MMT-4, (i) MMT-6, (j) MMT-8, and (k) MMT-10.

Figure A.11 (A) WXRD results of (g) MMT-2, (1) MMT-6, (j) MMT-8, (k) MMT-10,
(I) IL-1, (II) IL-2, and (III) IL-3.
Figure A.11 (B) Insert of WXRD results of Ionic Liquids: (I) IL-1, (II) IL-2, and
(III) IL-3.

APPENDIX B

CHARACTERIZATION OF HT MODIFIED WITH IONIC LIQUIDS

HTs modified with IL-3 at various conditions did not show any difference
compared to the pattern of HT-0 (untreated HT-61) by FTIR, TGA, or WXRD. The FTIR
spectra of HTs treated with IL-3 at different conditions all showed the presence of the
carbonate peak (1360 cm -1 , refer to green arrow in Figures B.1-7). This can be interpreted
in that there is no anion exchange, possibly due to the strong affinity of the carbonate ion
between the interlayers of hydrotalcite and the inability of the BF4 ion to promote
intercalation. TGA results (Figures B.8-9) and WXRD results as shown in Figures B.1012 confirmed this observation.
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Figure B.1

FTIR spectra of (a) HT-0 and (b) HT-1.

Figure B.2

FTIR spectra of (a) HT-0, (c) HT-3, and (III) IL-3.
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Figure B.3 FTIR spectra of (a) HT-0 and (d) HT-2.

Figure B.4

FTIR spectra of (a) HT-0, (e) HT-4, and (III) IL-3.
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Figure B.5

FTIR spectra of (a) HT-0, (f) HT-N, and (III) IL-3.

Figure B.6

FTIR spectra of (a) HT-0, (g) HT-EDT, and (III) IL-3.
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Figure B.7

FTIR spectra of (a) HT-0, (h) HT-EDI, and (III) IL-3.

Figure B.8

TGA results of (a) HT-0, (c) HT-3, and (e) HT-4.
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Figure B.9 TGA results of (a) HT-0, (f) HT-N, (g) HT-EDT, and (h) HT—EDI.

Figure B.10 WXRD results of (a) HT-0, (b) HT-1, (c) HT-3, and (III) IL-3.
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Figure B.11 WXRD results of (a) HT-0, (d) HT-2, (e) HT-4, and (III) IL-3.

Figure B.12 WXRD results of (a) HT-0, (f) HT-N, (g) HT-EDT, (h) HT-EDI, and
(III) IL-3.
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